Ocean acoustic tomography (OAT) is a useful tool for observing oceanographic phenomena in wide regions. For example, the Central Equatorial Pacific tomography experiment was performed in 1999 to monitor the ocean phenomenon associated with El Nino and the Southern Oscillation (ENSO).
Introduction
Recently, Ocean Acoustic Tomography (OAT) has become a powerful approach for the observation of mesoscale ocean fluctuations. [1, 2] Measurement of ocean currents by reciprocal sound transmission was successively carried out on scale of 10-1000 km by Worcester. [3, 4, 5, 6, 7] And recent progress of the ocean acoustic tomography including the reciprocal transmission method is well reviewed by a textbook of Munk et al. (1995) . However, the small-order and short-time currents are not precisely measured. The reason is that the travel time is measured by the daily average of reciprocal amplitudes because internal waves can split the basic ray path into micromultipaths, which then interfere at the receivers, sometimes destructively. In a series of publications, the authors have estimated the stability of acoustic reciprocal transmission in a 1999 OAT experiment. [8, 9, 10, 11] In this paper, we introduce a new measurement technique using both the amplitude information and the phase information to measure the reciprocal travel time.
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Geometry and Data Acquisition
The experiment was performed in order to monitor the variability of water temperature and current in relation to El Niño and the Southern Oscillation (ENSO) in 1999. The transceiver array was deployed in the Central Equatorial Pacific on a flat bed. The travel time of acoustic pulse were measured between transceivers T1 -T5. T3 and T4 were located at 13.630 • N , 172.05
• W and T4 at 9.144
• N , 172.05
• W , respectively (Fig. 1) . The distance between T3 and T4 was about 500 km.
The transmitted signal has a center frequency of 200 Hz and a bandwidth of 62.5 Hz. The transmitted signal is chosen to consist of periodic repetitions of a phasecoded linear maximal shift-register sequence (10th-order M-sequence). The source produced a 1023 digit, phasemodulated signal with a digit length of 2 cycles, with a period of 10.23 s per sequence. The sequence was repeated 14 times during each transmission, for a total number of transmission shots of 143.22 s. The received signal was sampled at a sampling rate of 800 Hz.
The sources transmitted simultaneously at three-hour intervals every fourth day, from the start of each day, beginning on 20 January 1999 and ending on 20 May 1999.
Analysis of Error
We analyzed the error of estimated time using signal phase information. The ocean, together with its boundaries, forms a remarkably complex medium for the propagation of sound. [12] In traveling through the ocean, an underwater sound signal becomes weakened. Also the ambient noise of the ocean often presents around the receiving array. Therefore, the received signals are constructed from the weakened travel signals and the ambient noise. Ambient noise has been found by the probability density analyses of data in deep and shallow water areas to have a Gaussian amplitude distribution at moderate depths.
Depending on the manner in which there are both the true signal and ambient noise in the long-range of recieved signal, the Rice probability density function (PDF) may be used to describe the relation of the signal and ambient noise. [13] Let A and φ be the true amplitude and phase of a given complex single such that A cos φ and A sin φ represent the true real and imaginary value, respectively. The distribution of the phase deviation, ∆θ = θ −θ, is given
where σ denotes the standard deviation of the Gaussian noise. [14] Figure 2 shows the distribution in the phase deviation, evaluated by (1) for different values of SNR, A/σ. Using (1), the standard deviations for the phase deviation can in general be given by
where E means the expected value. If A = 0, the standard deviation is π 2 /3. In order to compare quantitatively the analysis of the travel time error using the Rice probability density function (P.D.F.), we calculated the precision ∆t from the standard deviation of the phase deviation.
The standard deviatin of the estimated travel time σ t
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is given by
where f is the carrier frequency (200 Hz). Figure 3 illustrates the standard deviations of ∆θ of the transmission signal and t of estimated time for various values of SN ratio. For a weak signal, the standard deviation of the phase deviation of the transmission signal becomes high, whereas for the stronger signal, the standard deviation of the phase deviation of the transmission signal varies lower.
For example, for 13 dB of correlated signal, the standard deviation of the phase deviation is about 0.15 rad which corresponds to about 0.1 ms of estimated time error at 200 Hz.
Estimation of Travel Time Difference
Ocean acoustic tomography experiments have relied almost exclusively on the measurement of travel times, which are robust and stable. It is usually more accurate to measure travel times by using phase rather than by using the amplitude of a pulse. Phase in the OAT transmissions change due to the acoustic travel time change. In another published paper we examined the travel time difference using phase information. [11] The method is based on the fact that the signal position is identifiable, that is, we can shift the signal to the position where |∆φ| is less than π. However, acoustic propagation varies due to perturbation of the sound speed and current fields by gyre and mesoscale processes, internal waves, inertial currents, tides, wind forcing, and other oceanographic phenomena. Thus it is important to discriminate the signal position to increase the precision of effective travel time measurement; we propose a new measurement technique in this paper.
Measurement method of signal position goes as follows: (1) The amplitude correlation coefficient between the complex received signal and the complex reference signal as a function of the time delay is calculated as R(t). (2) The relative distance between the complex received signal and the complex received signal in the complex plane is given as D(t). (3) The maximum value of the quotient of the amplitude correlation coefficient and the reference distance, S(t) = R(t)/D(t), is then determined as the signal position. Under these calculations, the travel time of the received signal is therefore given
where θ is the phase of the complex received signal. We call the procedure shown above 'Complex Vector (CV) method'. Compared the precision of the travel time, the travel time using the weighted amplitude information nearly the maximum of value of S(t) is defined as.
where t 0 is the time when S(t) has a maximum value. This procedure is referred as 'Complex Amplitude (CA) method'. Examples of arrival patterns of oppositely traveling transmissions show similar structure at both receivers as shown in Fig. 4 . The major difference between reciprocal travel times is due to current. The acoustic SNRs of this transmission are about 25.6 dB and 27.3 dB in T3-T4. The differential travel times are only a range of few milliseconds and cannot be seen when the entire arrival pattern is displayed.
The precise measurement of differential travel times in the short-term of 13 shots (positive in the direction from T3 to T4) in microsecond can be obtained using the CV method and CA method, as shown in Fig. 5 . The mean differential travel times for every transmission are quite similar by both of the methods. But the differential travel time estimated by the CV method is very stable and it is obvious that the linear trend is evident in every differential travel time from the first to the last shot.
The path-averaged current velocity u m can be calculated as
where ∆T = T − − T + is the travel time difference and T ± is the travel time for each ray path. If we assume that the path-averaged sound speed c m is 1500 m/s, it can be seen from (6) 
Conclusions
We have given the theoretical result of the error in the estimated time of received signal by using phase information. We have also proposed CV method for estimating travel times using long-range transmissions. We can estimate the travel time with error of 0.1 ms in SNR = 13 dB. This error is 1/12 of the sampling time. We also presented some preliminary results for several differential travel times in the 1999 OAT experiment. The preliminary result given above is promising.
We have concluded that the proposed estimation method is useful in the long-range ocean transmission.
